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Abstract
Wefoundstatisticallysignificanteffectsoftradingvolumeonvolatility
inUSD/JpYtickdatafromTokyomarket.Theircorrelationshowsintra-day
variations.Theircorrelationhasbeenanissuethattheoreticalworkshave
notbeensuccessfU1.Itisbecauseitisdif丘culttostraightfbrwardlyinvestigate
microstructureofassetmatketwithtoolsofequilibriumanalysis.These
theoreticaldifficultieshavenotbeenmuchdiscussedinthemicrostructure
Iiterature.Weelucidatethemandproposeanalternativeapproachtohand-
lethem.Itispossible,usingourapproach,toexplainvolumeandvolatility
correlationanditsintra-dayvariation.OurapProachapPliesstochasticpro-,
cesses.TheyarethosefromrenewaltheoryandPoissonarrivals.
Foreignexchangedealersrevisetheirexpectationsfromtimetotime
intra-day.Wedescribesuchrevisionsofexpectationasasequenceofran-
domswitchesbetweentwostates.ThisMarkovprocessisoneofthefac-
torswhichcontributevolumeandvolatilityinFXmarket.Anothercontri-
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butingfactorisdemandandsupplyofFXfrommacrofundamentals.We
categorizeeffectsofthesecontributingfacto士s.(1)cycleeffect:Shortercy-
cleofexpectationrevisionsincreasesvolume.(2)thinmarketeffect:Ex-
pectationrevisionsgiverisetovariationsinthicknessofmarket.(3)heter-
ogeneityeffect:Dispersionofreservationpricesmakesdifferenceinvolatil-
ity(4)volumeeffect:LargernumberofPoissonarrivalsincreasesvolatility.
Usingtheseeffectswecanexplainintra-dayvariationsofvolumeandvolatil-
ityrelationships.
KeyWords:ForeignExchangeRate,HeterogeneousExpectations,Micros-
tructure,VolumeandVolatility
1 lntroductlon
Wefoundstatisticallysignificanteffectsoftradingvolumeonvolatility
inUSD/JPYtickdatainTokyomarket.Theirrelationshipsshowintra-day
variations."lttakesvolumetomoveprices."Karpoff(1987)documentssuch
alink.Instockmarket,volumeandtheabsolutevalueofpricechangesare
correlated.However,theoreticalworkshavenotbeensuccessfultoeluci-
datecausesofthelinks.Itisbecauseitisdifficulttostraightforwardlyin-
vestigatemicrostructureofassetmarketwithtoolsofequilibriumanalysis.
Inthefollowingsectionwepresentvolumeandvolatilityoffiveminutein-
ter>alsinFXmarket.Theychangewithintra-dayseasonality.Inthe
thirdsection,wediscusstheoreticaldifficultiesinherentincontinuousau-
ctionsinassetmarkets.Weproposealternativetools.Inthelastsection
weexplainhowourapproachcanbeappliedonempiricalobservations.We
provideanoutlineofexplanationaboutintra-dayvariationsofvolumeand
volatilitycorrelation.
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2 EmpiricalObservations
2.1VolumeandVolati騎tyinFiveMinutelntervals
Wefoundstatisticallysignificanteffectsofvolumeonvolatilityinthe
spotUSD/JpYtickdata.Wedividedtradinghoursintofiveminutecon-
secutiveintervals.Foreachfiveminuteinterval,wecalculatedastandard
deviationofpricesamples.Foreachinterva1,0urdataconsistofdailysam-
plesofapairofstandarddeviationandthenumberoftransactions.Then
weregressedthestandarddeviationsonthesamplesizes.EachintervaI
hasaregressionresult.Theresultsshowthatvolumeandvolatilityre-
lationshipshaveintra-dayvariations.Theregressio-ncoefficientsareall
positiveexceptforlunchtimeperiod.Thelunchtimeisquitedifferent
fromotherperiods.Itcontainsintervalswiththemaximumandthemini-
mumregressioncoefficients.Ourobservationssuggestthat,sincethe
volumeandvolatilitycorrelationisnotassimplisticasexistingliterature
predicts,weneedanalternativemodelwhichcanreconcileintra-day
varlatlons.
WeusedtickdatareportedbyfourbrokeragefirmsinTokyofrom
June'95toAprir96.Wedividedaytimebusinesshoursfrom8:30a.m.to
5:30p.m.into1080ffiveminuteintervals.Foreachinterval,wecalculated
standarddeviationoftransactionpricesiftheintervalofagivendatecon-
tainsatleasttwosamples.Inthefollowing,weuseaward,price,rather
thanforeignexchangerate.Whatwecalculatedisstandarddeviationsof
prices,notlogvalues.Thenforeachof108intervals,weregressedthese
standarddeviationsonnumberoftransactions.
Averagenumberoftransactionsperfive-minuteintervalisgraphedin
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Figure1.Itsvariationsshowintra-daypatterns.InTokyo,tradingstarts
around8:30a.m.anditsurgestoaheavytradingsessionat9:00a.m..Itis
theheaviestat10:00a.m..TheregressioncoefficientsareshowninFigure
2.Althoughthetradingvolumesarethusdifferent,theregressioncoeffi-
cientslookstableintheentiremorningsessions.Theyalsolookstablein
theactiveafter-lunchsession.Ontheotherhand,coef丘cientsforlunchtime
intervalsshowmorevariationsfromthehighesttothelowestwhichisnega-
tive.Theregressioncoe缶cientsarestatisticallysignificantandpositive,ex-
ceptforlunchtime.Figure3showsR2values.Thesevaluesvaryintra-
day.Theexplanatorypowerofvolumelookscomparativelystableinthe
morningsessions.Asforthelunchtime,asinthecaseoftheregression
coefficients,theredoesnotexiststable1～2value.
細e旧齢s繍 鵬$12儲
黛
$
?
fi、6
麹
塞4
3
2
歪
◎
噛
㌔
、
跡
灘 岬鱗 泌 ㌔
難
㈱廼 響 鰻細 趣 噂、
聖 璽 」
タ㌔
贈 ぺ♂, さ 弓5≧
$25 9鑛 1◎≦蕊… で1251225で3:2暮1425蓬 暮25三・1621.1?,25
ti獣臼
Figure1=Averagenumberoftransactionsper5minutes.Theaveragesare
takenover170days.ThetickwerereportedbyfourbrokeragefirmsinTokyo.
Aninformationvendernamed"Quick"providestickdatareal-timetomonitorsin
dealingrooms.Ourdatawereobtainedbydownloadingfromsuchasubscribed
monitor.OurdatasetcoversfromJune15,'95toApril22,'96,Computers
occasionallybecamedown.Soourdatadonotcontainsomeofthetradingdays.
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Figure2=lntra-dayvariationsinregressbncoefficients.Standarddeviationsof
transactionpricesin5minuteinterval,ifitcontainsatleasttwosamples,arere-
gressedonnumberofthesesamples.
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Figure3:lntra-dayvariationinRsquiredvalues
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2.2FivePeriodsofIntra-dayVariations
WedivideusualbusinesshoursintofiveperiodsasisshowninTablel;
M1,M2,L,Al,A2.Eachofthemhasfiveminuteintervallsregressionre-
sults.TheaverageresultsareshowninTable1.PeriodM2andAlhave
similarvaluesforthreeitemsinTable1.AlsoMlhassimilarvaluesofre-
gressioncoefficientsandR2.Thisimpliesthat,asthetradingvolumein-
creases,sodoesvolatility.Italsoimpliesthatthevolatilityincreases,on
average,atthesamerateintheseperiods.Thisratestaysthesameeven
thoughMl'svolumeisasbigas1.5timesofM2andA1.Theregression
coefficientbecomeslargerinperiodA2.Meanwhile,R2.valueofA2fa lsto
aboutahalfofMl,M2andA1.DuringperiodA2,transactionvolumebe-
comessmallertowardevening.Anaveragesamplesizeperfiveminutesis
almosthalfofM1.
Table1・=Five[ntra-dayTradingSessions
name
of
period
time
averageof
・
「eg「eSSlon,
coef且cients
averageof
1～2
values
averageof
samplesize
per5m量n.
M1 9:00a.m.-10:30a.m.0.0033 0.31 5.21
M2 10:30a.m.-12:00noon0.0035 0.32 3.51
L 12:00noon-1:30p.m.0.0062 0.29 0.55
A1 1:30p.m.-3:30p.m.0.0033 0.30 3.66
A2 3:30p.m.-5:30p.m.0.0042 0.16 2.10
ItisdesirablethatFXmicrostructuremodelscanexplainobserved
intra-dayvariationsofvolumeandvolatilitycorrelation,notjustpredicting
signofcorrelationcoefficient.ItispossibletodoitbyusingourapProach.
WeconsiderstochasticprocessesinherentinbrokeredFXauctions.
Amongstochasticmechanisms,weidentifyfactorstoinfluencevolumeand
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volatility.Causesandeffectsarecategorizedasfollows.Therearefour
effects.TheFXtradingvolumecomesfromtwosources.Oneisdueto
differenceindealers'evaluation.Theothercomesfromeconomゾsfun-
damentals.Thislattertradingvolumetendstoincreasethevolatility
(volumeeffect).Itseffectonvolatilitydependsonheterogeneityofexpecta-
tionsamongFXdealers(heterogeneityeffect).Thevolumeeffectcanbe
cancelledoutoramplifiedbytheheterogeneityeffectwhichcanvaryday
byday.Theheterogeneityeffectlowersexplanatorypoweroftrading
volumeonvolatility.Thenumberofdealerswhoactivelyengageintrading
isnotconstantthroughtheday.Lunchtimeisthetypicalexample.
Thicknessofthemarketchangesintra-day.Thicknessin且uences(thickness
effect》.OurmodelpresupposesthatFXdealersrevisetheirintra-dayex-
pectationsfromtimetotime.Astheyrevisetheirexpectations,theytrade
toadjusttheirpositionsaccordingly.Acycleofsuchexpectationrevisions
couldchangeitslength.Ifthecyclebecomesshorter,thentransactionsin-
creases.Fasterrevisionsincreasevolumebuttheydonotchangetheex-
pectednumberofdealerswhoactivelytrade.Hencevolatilitystaysthe
sameasbefore.Inthiscasevolumechangeswithoutvolatilitychange(cy-
cleeffect).
3TheoreticalFramework
3.1VolumeandVolatilityinExistingLiterature
Theexistingmicrostructureliteraturepredictseitherpositiveornon-
positivecorrelationbetweenvolumeandvolatility.Theworkshavebeen
mainlyconcernedwithstockmarket.OftencitedAdmatiandPfleiderer
(1988)deducesposi‡ivecorrelationbetweenvolatilityandvolume.Asfor
FXmarket,Lyons(1997)predictsrathernegativecorrelation.Lyons(1997)
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providesamodelcalled"simultaneoustrademodelofhotpotatotrading."
Thismodeldescribesmultiplierlikeeffectsofrandomfluctuationsinorder
flow.Aninitialchangegothroughdealer'sinventorycontroisandbecomes
multiple.Lyons(2001)says"tradesaremoreinformativewhentradingin-
tensityislow".Lyon's"hotpotatomodel"isclear-cutbutitexplainsonly
oneofcausesofvolumevariability.
Lyons(1996)callstwoexistinghypotheses"hotpotatoview"and"event-
uncertaintyview."Accordingtoevent.uncertaintyview,"tradesaremorein-
formativewhentradingintensityishigh."Whilenewinformationprolifer-
ates,informativetransactionssurgeandanincreasedvolatilityaccompanies.
Inherentproblemwithsuchinformationbasedmodelsisthatbeinginforma-
tiveisnotclearlydefined.Youmayprovideagualitativestructureforex-
ogenousshockstosetprices.Stil1,traders'guantitativeinterpretationsand
reactionsdomattertosetactualprices.Inf6rmationbasedmodelshavenot
formulatedlinksbetweennewsandinterpretation.
3。2DifficultiestoModelPriceFormationinFXMarket
Therearedifficultiestoapplyequilibriumanalysisonthepriceforma-
tionprocessinFXmarket.Thefirstofal1,theauctioniscontinuous.
Thereisnospecificlengthoftimetodefinedemandandsupply.Itisnot
clearwhichisequilibriumamongaseriesoftransactionprices.Noris
thereanextperiodwhich"truevalue"manifestsitself.Thedefinitionof
equilibriumhastobeexplicitlydefinedbymodels,iftheiranalysesrequire
equilibrium。Microstructuremodelsofinformationapproachhavenotbeen
satisfactorywiththisregard.
ContinuousauctionlikeinFXmarketlacksspecificpointsintimethat
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demandandsupplyaresubmittedandhencethateXpectationshreformed
on.OurapProachtakesadvantageofapeakoratroughoftheexpected
timepath.Theexpectedtimepathmayhavepeaksandtroughs.Among
-
them,thenearestinthefuturedeterminesdealer'spresentaction.Ashe
takesadvantageofupordownonebyone,hisprofitsincrease.
Theseconddi」fficultyis``acontestofguessingawinnerofabeautycon-
test"situation.Variousfinancialassetpricessharethissituationasin
keynes(1936》.Inthiscontestoncontest,youvoteforoneofthecontes-
tants.Youwinifyouhavevotedforthemostpopularonewhichcollects
thelargestshareofvotes.IfyoUaretopredictthecontestwinner,you
mustconsiderhowpeople'spreferencesdisperse.Yourownpreferencebe-
comesirrelevant.Youhavetothinkoftheaveragebeforeyouvote.More
specificallyyouhavetothinkofthemodeofdispersedpreferences.
However,youmaynotvoteatthisstage.Guessingofothersmaygoupto
thenextstage.Youknowthatotherpeoplealsoareguessingthedisper-
sionofopinionsandthatthetheirvotesalsodependon"theperceivedmod-
e"justlikeyoudo.Hence,Youwillmoveontotryingtofigureoutadis-
persionof"theperceivedmode".Suchprocessofguessingeachothermay
continuestohigherstages.
Whenyoumakeafinancialdecision,youfacethesimilarsituation.In
steadofstandardofbeauty,thekeyvariabledependsontransactionpur-
pose.Thereservationpricecouldbeacounterparttothecontestwinner.
Yourrelativebullishnessisimportant.Youlookaround.Youtrytoguess
dispersionofthereservationprices.Thusitissimilar.However,inthe
financialmarket,choosingreservationpriceinvolvesmorecomplication.
Difficultyoflogicalconsistencyarises.Thetrader'sreservationpricemust
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beanoptimizingsolutionofsomekindofmodel.Thismodel,onewayor
another,musthavepricedeterminationmechanism.Butpricedetermina-
tionitselfreliesontheperceptiononthereservationprices.Forthefinan-
cialmarket,anexogenousmechanismtosetfinalvalueisnotatruism.On
theotherhand,incaseofthecontesttoguessawinner,youcansimply
startwithaprincipleofthebeautiesintheeyesofbeholders.Thedisper-
sionofpreferencesareexogenouslygiven.
Itmeritstosummarizethisbeautycontestprobleminourcontext.Re-
servationpricesareheterogeneousamongdealers.Everyonetakesthis
intoconsideration.Heconjecturesadistributionfunctionwhichdescribes
thedispersionofreservationprices.Usinghisownmodelofpricedeter-
mination,hechooseshisreservationprice.Heknowseverydealerisacting
verymuchlikehim.However,hedoesnotgouptothehigherstageof
consideringwhatothershaveinmind.Weassumehestopsbecauseitis
notworth.Thisprocessisnotassimpleasconsideringthemodeof"the
conceivedmode."Thedistributionfunctionゴofthereservationpriceata
giventimeisrandomvariableandisnotdirectlyobservable.Dealersuse
theirconjectureddistributionfunction.Togetherwithotherconjectured
variablesandtheirownpricedeterminationmodels,theychoosetheirre-
servationprice.且encetherearemultipleuncertainfactors.Thepara-
meterestimatesareveryrough.Ourdealerthinkshewouldnotgain
丘1rtherprecision.Hedoesnotgoontoestimate``themodeoftheconceived
mode".
Thebeautycontestprobleminourmodel,morespecifically,takesafol-
10wingform.Akeyvariableisanexpectedpeakortroughinthenearest
future.Dealer'sactionhingesonit.Letηbethisextremumoftheブth
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dealer's.Thisvalueisdifferentamongdealers.Randomvariableη'shave
ade耳sityfunctionh(x).Togetherwiththisdensity,excessdemandforthe
foreignexchangefromthefundamentalsalsodeterminestransactionprice
x(t).Foragivendensityh(x),.anarrivalprocessofexcessdemanddeter-
minesexpectedtimepathoftransactionprices.Thechangeinarrivalpat-
ternresultsinthepeakortrough.Howfarpricemovesuntilthendepends
onthedistributionofreservationprices.Dealerslookaroundtofigureout
thisdistributionfunction.Theycanonlyconjectureit.Asforexcessde-
mandfromthefundamentals,dealersobserveonlyitsfraction.Basedon
suchinformation,theychoosereservationpricesindividually.Theiractual
dispersionmayormaynotcoincidewiththeperceiveddensityfunctions.
Calibrationisnoteasy.Hence,theheterogeneityofreservationpricesdoes
notvanishevenaftertransactionstakeplace.
Difficultytoknowthedistributionofreservationpricesdoesnotdissi-
pateevenifthemarketismore"moretransparent."Thedealerssubmit
limitorderstotheuniquebroker.Thebrokerkeepsthisorderlistsecret.
Exceptionisapairofthemarket'sbidandask,whicharethebestbuying
andsellingprices.Thebrokerkeepsannouncingthesebidandask.Thus
themarketisnot"transparent."Sothedealershavetoestimatedistribution
ofthelimitorderprices.Evenifthesepricesaredisclosed,itdoesnothelp
toestimatethedistributionofreservationprices。Thelistoflimitorders
doesnotnecessarilyrevealtrueperceptions.Itisbecausetherearepossi-
bilitiesofbluf丘ng,whichisanattemptofmanipulation.
3n3CharacterizingHeterogeneousOpinions
Incontinuousauction,thereisnotspecificpointintimetocompareall
thetraders'expectations.Toidentifydifference,wecomparethefirstpeak
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andtroughofexpectedtimepath.Suchanextremumdeterminesdealer's
presentaction.Ifagivendealerpredictsupwardpricemove,hewouldtry
toholdlongpositionwiththehopeofsellinghisinventorylateratprofit,If
weintroduceriskneutrality,thentheexpectedpeakoftransactionpricewill
equaltohisreservationpricetosell.Hewillplacelimitorderwiththat
price.Weassignadistributionfunctiontotheseextrema.Withriskneut-
ralityassumption,theseextremabecomereservationprices.Thuswein-
troduceadistributionfunctionofreservationprices.
3.4TwoSourcesofOrderFIow
Changeintrendinexpectedpriceoccurswhenparametersoforder
flowchange.Knowingchronologicalarrivalsoftheorderflowleadstothe
expectedextemum.Largeretailtransactionswithmultinationalcorpor-
ationsareexampleswithsubstantialinfluence.Weconsiderorderflow
generatingprocessinthefollowingway.Weintroduce"aグ7吻1∫(ゾう妙 〃 ∫
a〃dse〃ers"asinGarman(1976)andAmihudetal(1980).Arrivalsofbuyers
andsellersplayaroleofdemandandsupplyinacontextofcontinuousauc-
tion.Pricesincreaseifbuyersarrivesatthemarketfasterthansellers.
Whatisdifferentfromtheseprecedingmodelsisthatwedistinguishtwo
sourcestogeneratearrivals;oneinsideofthemarketandtheotheroutside.
Thefirstsourceisdealers'revisingexpectations.Thesecondsourceisre一
Table2:SwitchesbetweenTwoStatesofExpectation
state
o●
expectatlononprlce chosenaction
stateO
I
notcon且dentenough maintainsquarepOSition(zeroinventory)
state1
I
haveenoughconfident
exPectationonintra-day
timepath
co structopenPositionuponentry;quote
limitorderpriceandwaittoseekcapital
gain
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tailtransactionswithcustomers.Theirnetvalueisexcessdemandfrom
thefundamelltals.Thesetwosourcesgeneratestochasticorderflowwith
differentcharacteristics.Distinguishingthemmakesitpossibletoexplain
the'volumeandvolatilityintra-dayvariationsandfurthertoexplainchange
intheircorrelation'ssign.
Weconstructaprocessofrevisingexpectationasfollows.Dealers
switchtwostatesofexpectation.InstateO,theyarenotconfidentenough
toassumeopenposition.Theytrytomaintainsquireposition,i.e.zeroin-
ventory.Instate1,theyareconfidentenoughintheirexpectations.They
seekintra-daycapitalgains.Theychoosetohaveopenpositionsbasedon
theexpectednearestpeaksandtroughs.Oncetheycreateopenpositions,
theysubmitlimitorderswhosepricescoincidewiththesepeaksortroughs.
Theyplantoclosetheirpositionsatthesepriceswithprofits.
Switchesofexpectationstatesgenerateorderflow.Wehavearrivals
ofbuyersandsellerswhohitthemarket'sbidandask.Inourmodel,revis-
ingexpectationalwaystakesafbrmofswitchingexpectationstate.Asthe
statechanges,adealer'soptimalpositionchanges.Hetriestoadjust.Im-
mediatelyhehitsoneofthemarketrates.Itdependsonhisreservation
priceandthemarketrateswhetherheisabuyerorseller.Asheenters
state1,hepicksavaluefortheextremarandomly.且ecomparesthisvalue
andthemarket'sbidandask.Thenhehitsbidorask.Onlyexceptionis
thecasewherehisvaluefallsbetweenthemarketrates.Hadthisoccurred,
hedoesnothitthemarketrate.Insteadhequotesbothbidandask.Exit-
ingstatelalsogeneratearrivalsofbuyersandsellerswhohitthemarket
rates.Ifheisinstate1,heisverylikelytohaveopenposition.Asheex-
itsstatel,hehastotradetoclosehisposition.Hehitsoneofthemarket
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rates.Exceptionalcaseisthesameasbefore.Hislimitorderpricescoin.
cidethemarketratesandhehassquareposition.Thissituationtakesplace
againwithsmallprobability.Thuseachtimewhenswitchingofexpecta-
tionoccurs,abuyerorsellerarrivesandhitsthemarketratealmostalways.
Thesecondsourcetogeneratetheorderflowiseconomy'sfundamentals.
Demandandsupplyofforeigncurrencybymacroeconomyfirstappearas
dealers'retailtransactions.Thenarrivalsofretailtransactionsimmediately
changeintoorderflowinwholesalemarket.Thisimmediatetransf6rmation
occursasfollows.Ifadealerhasaretailtransaction,hecounterbalancesit
inthewholesalemarketrightaway.Heactsinthiswaywhetherheisin
stateOorstate1.Thereasonsareasfollows.IfheisinstateO,hedoes
notwanttohaveopenposition.Sohecounterbalancestheretailtransac-
tion.Ifheisinstate1,hemusthaveoptimalopenposition.Theretail
transactionperturbsit.且ecounterbalancestheretailtransactionim-
mediatelyasaconsequenceofthefollowingassumptions.First,thedealer
isriskneutra1.Second,aquantityoftransactionisoneunitforbothretail
andwholesaletransactions.Third,themaximumopenpositionallowedto
assumeisalsoonetransactionunit.Thisregulationisimposedexogenously
byhisemployer.Ifhechoosestohaveopenposition,theoptimalposition
mustbeatitsmaximumsinceheisriskneutral.Hemusthaveconstructed
italready.Ifhehasaretailtransactionthen,hispositiondeviatesfromthis
desiredlevel.且emaynotbeabletohavemoreinventorybecausethecon-
straintisbinding.Oralternativelyhisinventorylevelmayfallbelowthe
optimal.Ineithercase,hetriestorecoverthedesiredpositionimmediately.
Hecounterbalancestheretailtransactionbyhittingoneofthemarketrates.
Thuswhetherheisinstatelornot,anarrivalofretailtransactionchanges
intoanimmediatearrivalinthemarket.Theexceptionalcaseshavesmall
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probabilities.
Thedealersobserveonlytheirownretailtransactions.Aggregated
figuresarenotpubliclyavailable.Alsothedistributionofreservationprices
isnotobservable.Althoughsomedealersmaycommunicatethemselves,it
stilldoesnotcovertheentiremarket.Orderflowisobservable.However
dealerscannotdistinguishitssourceofgeneration.Duetolimitationofin-
formation,dealerscometohavedifferentreservationprices.Heterogeneity
doesnotvanish.
3.5ApproximationbyMedianofQuotedPrices
Differentopinionsgiverisetotransactions.Withthisreason,dealers
tradeandhaveopenpositions.Thistakesplacewithoutorderflowfrom
thefundamentals.Theycreateopenpositions.Thuscreatedpositions
satisfiesaccountingidentity.Theyarenetzero.Wetakeadvantageof
thisidentity.Weapproximatemovementof車ransactionpricesbyamedian
oflimitorderprices.Togetherwithassumptionsofidenticallimitonthe
openpositionandoneunitofthetransactionquantity,thenumberofdealers
withlongpositionsisthesameasthosewithshortpositions.
Transactionalwaystakesplaceattheoneofthemarketrates.This
means,togetherwiththeaccountingidentity,thatwecantrackthetransac-
tionpricebythemedian.Ifweconsiderthesimplestcasesuchthatonly
expectationswitchesgenerateorderflow,thelasttransactionpricecoin-
cides,exactlyorcloseto,50percentquantileoflimitorderprices.Ifthe
numberofdealerswhoarequotingpricesisodd,thepriceexactlycoincides
50percentquantile.
Ifoddnumberofdealerssubmittedorders,adealerwhosereservation.
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priceisthemedianmusthavezeroinventory.Hemustbequotingboth
buyingandsellingprices.Hispricesarethemarketbidandask.We
assumeherethatbid/askspreadisnegligibleiftheyarequotedbyone
dealer.Ifanarrivaloccurs,thetransactioppricemustbehisprice,whichis
themedian.Ifthenumberofdealersiseven,thetransactionpricewillbe
equaltooneofthemarketrates.Althoughtheyarenotthemedianitself,
theyareclosetoit.Thereforewecanapproximatethetransactionprices
withthemedianoflimitorderprices.Thelimitorderpricesareequalto
reservationpricesunderourmodelassumptions.Wesubstitutethemedian
ofreservationpricesforthetransactionpricesandanalyzethemedian's
movements.
Theopenpositionidentitystillholdswhenexcessdemandisnotzero.
Excessdemandisaggregatedretailtransactions.Theydonotbalance
mostoftimeintra-day.Dealersasawholeabsorbexcessdemand.Itim-
pliesthatthenetpositionofdealersisequalto(negativeof)excessdemand.
Againwecanusethisaccountingidentitytσcharacterizerandommoveof
transactionprices.Asthedealersabsorbexcessdemand,thetransaction
pricedeviatesfromthemedian.Excessdemanddetermineshowmany
dealershaveto'reversepositions.Foragivennecessarynumberofdealers,
howfarpticeshavetochangedependsonthedistributiollofreservation
prices.Weanalyzethemedian,oritsmodifiedvalueinordertocharacte-
rizetransactionpricevolatility.
3.6ContributingFactorsofVolumeandVolatility
Ourregressionresultsshowthatvolumehasstatisticallysignificant
positiveeffectonvolatility.Howevervolume'sexplanatorypowerremains
small.Alsowefoundthatcoefficientsareintra-daynon-stationary.We
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considerthatempiricaldatacorrespondtovariousparametervaluesofcon-
tributingfactors.Inthefollowingwesortouttheireffects.Theyare
summarizedinTable3.
Table3:EffectsonVolumeandVolatility
factor volume volatility
shortercycleofswitchesof
,
expectatlonstateS
十
(cycleef£ect)
nochangeifratioofthose
whoinstatelunchanged
smallerratioofthosewhoin
state1
noc angeifcycle
lengthunchanged
十
(thicknessef£ect)
inCreaSeinretailtranS-
actions
十
十
(volumeef〔ect)
moreheterogeneousexpec-
・
tatlons
nochange
十
(heterogeneityeffect)
Theprocessofrevisingexpectationistherandomswitchbetweentwo
states.Sojourntimeineachstatefollowsexponentialdistribution.Letθo
andθ1betheirparameters.Theexpectedsojourntimeinstateブisgiven
by毒 ・Arati・ ・fdealerswh・a・ein・t・t・1i・giv・nbyθ。争θ1・Thi・i・an
asymptoticresultgiveninRoss(1997).Largervalueofのmakesthe
switchingcycleshorter.Asitbecomesshorter,tradingvolumeincreases.
Iftwoparametersincreaseproportionately,theexpectedratioofdealersina
stateremainsunchanged.Thenvolumeincreaseswithoutaddedvolatility.
Wecallsucheffectofcyclelength"cyclee行ect."
Ontheotherhand,iftheratiooftwostateschanges,whetherthecycle
lengthchangesornot,ithasaneffectonvolatility,Iftheratioofstatelde-
creases,thenumberoflimitorderdecreases.Thenvolatilityincreases.
Therearetworeasons.First,themedianofthesmallersampleshaslarger
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variance.Second,agivenamountofexcessdemand,largerchangeinprice
isnecessary.Thusthechangeintheratioofstatelinfluencesvolatility
throughthethicknessofthemarket.Wecallit"thicknesseffect"asin
Table3.Asfarastheswitchingexpectationstateisconcerned,itsinflu-
enceonvolatilityoccursonlythroughtheexpectednumberofdealersin
state1.
Retailtransactionsisanothercontributingfactor.Iftheexpectedretail
transactionsincreases,volatilityincreases,ceterisparibus.Thiscausalityis
deducedasoneofthecharacteristicsofPoissonarrivalprocess.Prices
fluctuateasbuyersandsellersarriveunevenly,Inotherwords,thenet
buyer'sarrivalschangetheprice.Twosourcesgenerateorderflow.
However,asfarasunevenarrivalsconcern,onlyretailtransactionscontri-
butevolatilitychange.Thenetbuyer'sarrivalsduetoretailtransactionsis
definedexcessdemand.Itisarandomvariablewhichisdefinedasthedif-
ferenceoftworandomvariables.Weassumethearrivalsofretailbuyers
andsellersarerespectivePoissonprocess.Letλ ゐandRsbetheirpara-
meter.Poissonarrivalshaveneatcharacteristics.Firstlythevarianceand
theexpectedvalueofthenumberofarrivalsareequal.Hence,λ ブforブ=∂,
sisexpectedvalueandalsovariance.SecondlyasumofPoissonarrivalsis
alsoPoisson.Varianceofthissumisgivenbyλ う+λ ε.Sinceretailtrans-
actionsbecomesorderflowinthemarketimmediately,orderflowthey
generatearealsoPoisson.Excessdemandisarandomvariabledefinedas
differenceoftwoPoissonarrivals.ThisrandomvariableconvergestoNor-
maldistributionasshowninJohnsonetal(1993).Itsvarianceisgivenby
λb+λ3.Therefore,astheretailtransactions'expectedvolumeincreases,the
varianceofexcessdemandincreases.Hence,volatilityalsoincreases.We
callthis"volumeeffect"oftheretailtransactions.
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Dealersasawholeabsorbexcessdemand.Foragivenexcessdemand,
dealersreversetheirpositionsandabsorbit.Duringthisprocess,thelimit
orderpricesarehitandprice3change.Howfarpriceshavetochangede-
pendsonthedistributionoflimitorderprices.Astheyscatterinawider
range,thepricechangewillbelarger.Asdealershavemoreheter-
ogeneousreservationprices,transactionpriceswillmovemoreforagiven
excessdemand.Wecallthis"heterogeneityeffect."
Figuer4describescategorizedeffects.Firstsupposeonlytheexpecta-
tionstateswitchinggeneratesorderflow.Letpoint.4signifyagivenpair
ofastandarddeviationofamedianoflimitorderpricesandanexpected
valueoftradingvolumeperunittime.Themedianisasubstituteforthe
transactionprice.Sopoint.4indicatesapairofthemedian'svolatilityand
thevolumeduetoswitching.Nextweintroduceexcessdemand.Fora
S.U.P白runit
time
/
/
、?
OCDtrr∋dingv◎IL}r了 匠∋
Figure4=ConsequenceofCycleEffect.Aslopeofsegment.4Bisdetermined
byheterogeneityeffectandthicknesseffect.CycleeffectshiftssegmentAB
horizontally.Ifrenewalcyclebecomesshorter,cycleeffectshiftsthesegment
ABoutward.SegmentOαsvolumegeneratedbyswitchingexpectationstates.
segmentα)isgeneratedbyretailtransactions.
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givennumberoflimitorders,volatilityincreasesasorder且owduetoretail
transactionsisadded.Heterogeneityandthicknesseffectschangetheslope
oflineAB.Samplepairsofvolatilityandvolumeper,unittimewillscatter
alonglineAB.Volumeeffectcreatessamplesoflargervolumeandvolati1-
ity.CycleeffectshiftslineABsampleshorizontally.
4 EmpiricalApPlicationandConcluslon
OurmodelcanexplainempiricalobservationsreportedinTable1.
LateafternoonperiodA2hasasteeperregressionlineandlowerR2value
comparewithMl,M2andAl.Lateafternoon,towardevening,pursuing
capitalgainscometorequireovernightopenpositionhencerequiresmoreof
confidence.So,inA2,dealersexitstatelmorethanenteringit.Sojourn
timeparameterθodecreaseswhileθ1increases.Anexpectedsojourntime
instatelbecomesshorter.Asaresult,thenu皿berofIimitordersde-
creases.ThisIeadstothicknesseffect.Atthesametime,wehavecycle
effect.Figure5showsconsequencesofthethicknessandcycleeffects.
DuringperiodA2,shiftofvolumeandvolatilitylineistakingplace..Sam-
plesfromfiveminuteintervalsaccordinglyshifttoo.Ifwedoregressionon
thesedata,wewouldhaveregressionresultlikelineα).Wewouldhavea
largerregressioncoefficientandasmallerR2value,comparewithMl,M2
andA1.ThisexplainswhatwereportaboutA2inTable1.Thusitis
possible,usingourapproach,toexplainvolumeandvolatilityrelationshipsin
foreignexchangemarket.
WeusedspotUSD/JpYtickdata.Wedividedtradinghoursintofive
minuteintervals.Regressionresultsshowthattradingvolumeinafivemi.
nuteintervalincreasesitsvolatility.Degreeofsuchtendencydependson
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timeoftheday.Itvarieswithintra-daypatterns.Itispossible,usingour
approach,toexplainthevolumevolatilitycorrelationanditsintra-daypat-
terns.Theseareissuesthatexistingmicrostructureliteraturehasfailedto
reconcile.Itisbecausecontinuousauctionsinassetmarketshavetheoretic-
aldifficulties.Onthosemarkets,equilibriumanalysiscannotbestraightfor-
wardlyapplied.Instead,weintroducestochasticprocessesasanalytical
tools.Usingourapproach,weelucidatecontributingfactorsofvolumeand
volatility.Furtherwecanexplainintra-dayoftheircorrelation.Our
approachlookspromising.Itcanbeappliedonotherfinancialmarkets.
Oneoftheissuesforthefutureresearchistoformulatestochasticstructure
ofauctionsinamorerigorousmanner.
SD.perunit
更ime
B
trading∀olume
Figure5:ShiftofVolumeVolatilityLineduringLateAftemoon.InIateafternoon
periodofA2,thecycleandthicknesseffectsoccuratthesametime.Volume
volatilitylinegraduallymovestoA'B'.Ifweregresssamplesscatteredinthe
shiftingarea,youwillhavearesultlikelineα).Itsslopeishigherthantheone
forthepreviousperiods.
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ARegreSSionReSultS
Abouteachsminuteintervals,standarddeviationsoftransactionpricesare
regressedonthenumberoftransactions.Nullhypothesisβ=Oistested.Inmost
cases,coefficientsarepositiveandtheirt-valuesaresignificantwith5%signifi-
cancelevel.ExceptionsareabouthalfoflunchtimeperiodL,andtwocasesin
lateafternoonperiodA2.Weuse(*)toindicatecasessuchthatnullhypothesis
cannotberejectedwith5%level.
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Table4=FiveMinutelntervalsinM1
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StartingtimeR gressionCoefficientt-Value numberofdays
8:30 0.003594 4,143 94
8:35 0.00441 4,677 109
8:40 0.003129 4,044 124
8:45 0.004877 5,249 86
8:50 0.003658 5,576 118
8:55 0.003437 5,356 126
9:00 0.003784 5,999 162
9:05 0.003446 11,010 165
9:10 0.003042 6,338 153
9:15 0.003277 8,543 159
9:20 0.004087 8,508 154
9:25 0.003081 9,796 162
9:30 0.003715 6,408 150
9:35 0.003326 9,730 155
9:40 0.003142 9,649 151
9:45 0.00294 8,352 159
9:50 0.002786 7,040 167
9:55 0.002392 6,627 166
10:00 0.003526 7,891 158
10:05 0.002989 10,250 162
10:10 0.003193 8,666 153
10:15 0.003667 6,859 137
10:20 0.003646 9,696 159
10:25 0.003008 9,718 150
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Table5=FiveMinutelntervalsinM2andL
StartingtimeR gressionCoefficientt-Value numberofdays
10:30 0.003248 9,017 144
10:35 0.00276 9,749 155
10:40 0.003137 5,986 126
10:45 0.003848 8,164 136
10:50 0.006304 9,392 139
10:55 0.004035 6,699 147
11:00 0.005266 6,203 112
11:05 0.004161 7,416 146
11:10 0.002972 5,657 140
11:15 0.002806 8,833 145
11:20 0.002848 10,220 145
11:25 0.002945 3,937 110
11:30 0.003239 7,551 121
11:35 0.003751 9,966 134
11:40 0.004124 10,300 118
11:45 0.004617 7,219 102
11:50 0.003149 6,238 110
11:55 0.003088 9,324 107
12:00 0.005939 6,232 60
12:05 0.009957 6,373 30
12:10 0.003856 2.570* 22
12:15 0.001630 0.287* 9
12:20 0.014650 2,609 10
12:25 0.007473 2.002* 10
12:30 0.011680 2.174* 7
12:35 0.003589 0.694* 14
12:40 0.006545 2,201 12
12:45 0.003364 0.748* 11
12:50 一〇.001363 一〇.660* 8
12:55 0.004954 1,363* 16
13:00 0.008685 1.121* 12
13:05 0.009100 2,913 24
13:10 0.006146 3,085 20
13:15 0.006138 4,568 24
13:20 0.006125 5,874 30
13:25 0.003918 4,710 51
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Table6=FiveMinutelntervalsinA1
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StartingtimeR gressionCoef且cient -Value numberofdays
13:30 0.002650 5,013 143
13:35 0.004450 7,460 145
13:40 0.OQ2740 7,898 156
13:45 0.003071 6,985 131
13:50 0.002960 9,157 147
13:55 0.002616 7,064 139
14:00 0.003995 10,120 147
14:05 0.003856 7,206 139
14:10 0.002417 7,242 137
14:15 0.003522 10,290 143
14:20 0.002906 9,196 141
14:25 0.002540 7,465 141
14:30 0.002692 5,007 122
14:35 0.003259 4,176 125
14:40 0.004519 8,138 124
14:45 0.OO3998 8,603 132
14:50 0.003390 9,915 134
14:55 0.003405 6,678 144
15:00 0.003099 7,979 148
15:05 0.002967 6,197 156
15:10 0.003110 7,965 156
15:15 0.004325 8,924 120
15:20 0.003630 10,580 142
15:25 0.002581 5,008 137
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Table7=FiveMinutelntervalsinA2
●.
Startmgtlme RegressionCoef且cient -Value numberofdays
15:30 0.002049 2,888 124
15:35 0.003472 4,330 100
15:40 0.003807 4,247 101
15:45 0.003289 4,408 103
15:50 0.003876 5,680 102
15:55 0.009032 6,294 98
16:00 0.003112 2,934 85
16:05 0.002471 2.067* 103
16:10 0.004330 4,875 100
16:15 0.004313 4,237 92
16:20 0.005644 7,996 93
16:25 0.009386 7,177 100
16:30 0.005005 3,974 94
16:35 0.003164 3,685 92
16:40 0.002638 3,398 109
16:45 0.003823 3,426 85
16:50 0.004895 4,322 93
16:55 0.001997 2.139* 103
17:00 0.005327 5,692 101
17:05 0.004016 3,662 99
17:10 0.003235 3,051 95
17:15 0.003682 3,246 90
17:20 0.003206 3,079 73
17:25 0.004593 3,950 86
